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Abstract 
Fully active Na,K-ATPase and lethal mutations can be expressed in yeast cells in yields allowing for equilibrium ATP 
binding, occlusion of T1 +, K + displacement of ATP, and Na+-dependent phosphorylation with determinations of affinity 
constants for binding and constants for the conformational equilibria. Removal of the charge and hydrophobic substitution 
of the phosphorylated residue (msp369Ala) reveals an intrinsic high affinity for ATP binding (K d 2.8 vs. 100 nM for wild 
type) and causes a shift of conformational equilibrium towards the E 2 form. Substitution of Glu 327, Glu 779, Asp 8°4 or Asp 8°8 
in transmembrane s gments 4, 5, and 6 shows that each of these residues are essential for high-affinity occlusion of K + and 
for binding of Na ÷. Substitution of other esidues in segment 5 shows that the carboxamide group of Asn 776 is important for 
binding of both K ÷ and Na +. Differential effects of the relevant mutations identify ThF 774 as specific determinant of Na ÷ 
binding in the E1P[3Na] form, whereas Ser 775 is a specific participant of high-affinity binding of the E212K] form, 
suggesting that these residues engage in formation of a molecular Na +/K ÷ switch. The position of the switch may be 
controlled by rotating or tilting the helix during the EI-E 2 transition. © 1998 Elsevier Science B.V. 
Keywords: Na, K-ATPase; Na + binding; K + binding; K + occlusion; ATP binding; Conformational transition; Na+-dependent 
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1. Introduction 
In the proposed mechanism of rotary catalysis by 
ATP synthase, proton and electron gradients across 
the inner mitochondrial membrane are converted to 
rotation of the ~ subunit and large conformational 
transitions in the 13 subunit of F1-ATPase with 
formation of ATP from ADP and Pi [1]. In Na, K- 
ATPase the chemical energy in ATP is again con- 
verted into conformational transitions in the oL subunit 
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that perform osmotic work and maintain electro- 
chemical Na + and K + gradients across cell mem- 
branes. At rest, Na, K-ATPase transforms 20-30% of 
the current ATP production in mammals to active 
Na,K transport in kidney, central nervous system and 
other cells of the body in which Na,K gradients are 
required for maintaining membrane potential and cell 
volume. 
Large conformational transitions between two 
major states, E l and E 2, were initially demonstrated 
by limited proteolysis of purified kidney Na,K-AT- 
Pase with trypsin and chymotrypsin [2,3]. Long-range 
structural transitions in the protein mediate energy 
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conversion between the ATP binding and phosphoryl- 
ation domain in the large cytoplasmic loop and the 
cation sites in the membrane spanning segments, TM 
4, TM 5 and TM 6 of the tx-subunit (Fig. 1). These 
transitions are essential for ATPase activity as they 
alter the orientation and specificity of the cation sites 
thus allowing for binding and translocation of Na ÷ 
and K ÷. 
Renal [ 1131y] - Na,K-ATPase 




Fig. 1. Amino acid sequences of (et1131~/) pig kidney Na,K-ATPase in a planar model of membrane topology and secondary structure. Each circle 
represents an amino acid. Disulfide-bridging cysteines in the 13 subunit are shown linked. Topological model according to that developed previously [4]. 
Other secondary structure predictions according to the PHD neural Network, Heidelberg [5]. Linear sequences represent loops, zigzag alternations represent 
13 strands, and stacked sequences of three or four residues represent a-helices. Enlarged circles in TM 4, TM 5 and TM 6 of the et subunit represent 
oxygen-carrying side chains that have been substituted in this work. 
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Fig. 2. Reaction cycle of the Na,K-pump with four major occluded 
conformations and ping-pong sequential cation translocation. [Na +] or 
[K-] within brackets are occluded in the ~t[3 unit and prevented from 
exchanging with medium cations. Na + or K ÷ without brackets exchange 
with open forms of the cation binding cavity, in the E~ form via a 
cytoplasmic gate, in the E 2 form via an extracellular gate. 
In the initial step of the reaction cycle (Fig. 2), 
binding of ATP with low apparent affinity (Km~0.2- 
0.4 mM) to the occluded E212K] conformation 
accelerates the E2[2K]-EI(2K) transition with deoc- 
clusion of K ÷ at the cytoplasmic surface. ATP is 
bound with high affinity in the E 1 conformation 
(KD~0.1-0.2 ~M) and the increase in binding energy 
of ATP associated with the E2[2K]-EI(2K) con- 
formational transition constitutes the driving force for 
transport of K ÷ across the membrane. The next 
energy transducing steps are the Na-dependent trans- 
fer of y-phosphate from ATP to an acyl bond at 
Asp 369 of the ct subunit and isomerization between 
the occluded E1P[3Na]-E2P[2Na] phosphoforms in 
coupling with reorientation of cation sites and release 
of Na + ions at the extracellular surface [6-8]. 
For establishing structure-function relationships of 
these processes, the production of recombinant Na,K 
pumps is potentially a powerful approach, but hetero- 
logous expression of the etl3 unit of Na,K-ATPase in 
sufficient quantities has posed special problems. The 
ouabain selection methodology as applied to higher 
eukaryote cell lines, like HeLa [9] and COS cells 
[10], does not allow analysis of the interesting 
mutants that are blocked in the reaction cycle. 
Besides, the cells express endogenous Na,K-ATPase 
of almost the same magnitude as the transfected 
activity. The system for expression in yeast allows 
production of Na,K-ATPase in high yield without 
distinguishing active enzyme from lethal mutations 
[11]. The absence of endogenous Na,K-ATPase 
activity in yeast allows assays of high-affinity 
[3H]ATP binding [12] and occlusion of K + (Rb + or 
T1 +) ions [13] at equilibrium. Equilibrium binding 
constants are directly related to the standard free 
energy change for ligand binding to the protein [14]. 
In contrast, K0 5 values for cation or ATP dependence 
of the rate of Na, K-dependent ATP hydrolysis reflect 
all reaction steps in the cycle, including the con- 
formational equilibria [15]. Parallel assays of ligand 
binding at equilibrium and of the K+-ATP antagon- 
ism allow analysis of the consequences of mutations 
for ATP and cation affinities and the (Kc) constants 
for conformational equilibrium. 
2. Effect of mutations to Asp 369 on ATP binding 
and E1-E 2 conformational equilibrium 
Substitutions at the phosphorylation s i te  Asp 369- 
Asn or Asp369-Ala bolish Na,K-ATPase activity and 
phosphorylation [12,16]. As shown in Fig. 3, binding 
of [3H]ATP at equilibrium revealed an intrinsic 
affinity of the Asp369-Ala mutation for ATP (KD=2.8 
nM) that was 39-fold higher than for wild-type Na, K- 
ATPase (KD=109 nM) [12]. The affinities for ADP 
were unaffected indicating that the negative charge at 
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Fig. 3. Effect of the mutation Aspa69-Ala on ATP binding at equilibrium. 
Aliquots of about 200 ixg SDS-treated gradient membranes were incu- 
bated on ice with 10 mM MOPS-Tris, pH 7.2, 10 mM EDTA, [3H]ATP 
(Amersham, specific activity 36 Ci/mmol) in a range of concentrations of 
from 1 to 110 nM and either 10 mM NaC1 or 10 mM KC1. Bound and 
free ATP were separated by centrifugation and specific binding was 
estimated as the difference between binding in NaCI minus that in KC1. 
The data were fitted by nonlinear least-squares regression to the lines for 
wild-type with KD(ATp)=ll0--+I nM and for Asp369-Ala with KD= 
2.8--+0.1 nM. 
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residue no. 369 determines the contribution of the 
-f-phosphate to the free energy of ATP binding. 
Analysis of the K+-ATP antagonism showed that the 
reduction of charge and hydrophobic substitution at 
Asp 369 of the a subunit caused a large shift in 
conformational equilibrium towards the E 2 form. The 
K c value of 762 obtained for the E2(K)-E1(K) 
equilibrium for the wild type was increased two- to 
four-fold for Asp369-Asn and Asp369-Ala [12]. These 
estimates of the conformational equilibria are con- 
sistent with the observation that the affinity for 
ouabain is greatly increased in Mg 2+ medium for the 
Asp369-Asn and Asp369-Ala mutations. The Asp 369- 
Ala mutation even binds ouabain with high affinity in 
the absence of Mg 2+. In addition to its function as 
receptor for the ~/-phosphate from ATP and a major 
determinant of the ATP affinity, residue no. 369 
therefore also has a key role in regulation of the 
conformational transition accompanying cation trans- 
location. 
These observations led to a model for the role of 
Asp 369 and Mg 2÷ in the conformational transition 
coupling ATP hydrolysis to ion translocation [17]. It 
assumes that the structural change accompanying 
isomerization between E~P[3Na] and E2P[2Na] is 
transmitted irectly from Asp 369 to TM 4 via the 
relatively short segment of 42 residues, as seen from 
Fig. 1. Through cooperative interactions the structural 
transition is transmitted indirectly to TM 5-6 via the 
interaction of Asp369-phosphate with Mg 2÷ which is 
coordinated to other negatively charged residues in 
the protein. It can be assumed that Mg 2÷ coordinates 
to six negatively charged groups, but the relevant 
residues have not been defined. The model proposes 
that Mg 2+ coordinates to Asp 71° and/or Asp 714 
which are separated by only 52 residues from TM 5 
(Fig. 1). The segment around Asp 71° and Asp 714 
residues is the best conserved amino acid sequence 
among cation pumps [6,8]. Asp 71° and Asp 714 have 
been identified as sites for covalent insertion of C1- 
ATP [18], but preliminary data from our laboratory 
suggest hat Asp 71° may not be involved in ATP 
binding and it has previously been proposed that this 
segment is involved in coordination of Mg 2+ [19]. 
The force of the structural change around Asp 369 is 
thought o be transmitted through the protein as in a 
pair of scissors, with the segments around Asp 369 and 
Asp 7~° forming the handles and the transmembrane 
helices 4 and 5 forming the blades of the scissors 
[17]. The movement of the helices may cause struc- 
tural rearrangement of TM 4 and TM 5-6 resulting in 
altered positions and changes in orientation of the 
acidic side chains. In the previous model by MacLen- 
nan et al. [20] for twisting or tilting of transmem- 
brane helices as part of the change in conformation 
during Ca 2+ extrusion by Ca-ATPase there were no 
suggestions concerning the nature of the energy 
transduction between the site for binding of ATP and 
phosphorylation a d the cation sites in the intramem- 
brane domain. 
3. Transmission of conformational transitions to 
cation sites 
In the EINa form, the Na ÷ ions have access to the 
binding site from the cytoplasmic surface. The ATP- 
bound Ej form binds Na + with apparent affinity 1-2 
mM (K 1/2) and the transfer of ~/-phosphate from ATP 
to Asp 369 is accompanied by transformation of the 
binding site to an occluded state, the E IP[3Na] 
phosphoform without access to exchange with cation 
in the medium. Na + may fit into the binding site with 
coordination to five oxygen ligands [21,22], and the 
ion selectivity reflects that the size of the ion binding 
site matches the ionic diameter of the Na ÷ ion (1.9 
,~). The isomerization between the phospho forms 
E1P[3Na] and E2P[2Na] may involve changes in size 
of the occlusion cavity and in number of coordinating 
oxygens. The change is accompanied by the release 
of one extracellular Na + ion and subsequent ex- 
change of the remaining two Na + ions with extracel- 
lular K + to stabilize the E212K] conformation. The 
ionic diameter of K ÷ (2.66 A) is larger than for Na ÷, 
and the number of coordinating oxygens may in- 
crease from five to six per ion [21,22]. The nature of 
these structural changes is not known, but they may 
be elicited by moderate rotation or tilting of trans- 
membrane helices as proposed before [23]. 
4. Mutations of carboxylate residues in TM 4, 5, 
and 6 
Since the cation sites of Na, K-ATPase are pro- 
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posed to bind Na + or K + ions in a ping pong 
sequence [6,7] it is of particular interest for under- 
standing the Na,K-pump mechanism to identify 
amino acid residues that are alternately engaged in 
coordination of Na ÷ or K +. Mutations of Asp 8°4 and 
Asp 8°8 in TM 6 to Asn or Glu almost abolish Na,K- 
ATPase activity [24,25], while substitution of Glu 327 
in TM 4 or Glu  779 in TM 5 with Gin or Asp causes 
partial reduction of turnover [17,26]. In all these 
mutations high-affinity binding of [3H]ATP or 
[3H]ouabain at equilibrium and E1-E 2 transitions are 
preserved [17,25]. 
Wild-type yeast enzyme was capable of occluding 
two T1 ÷ ions per ouabain binding site or otl131 unit 
with high apparent affinity (Kd0-1+)=7--_2 IxM), like 
the purified Na,K-ATPase from pig kidney. The 
substitutions of Glu327(Gln,Asp), 804 Asp (Asn,Glu), 
Asp8°8(Asn,Glu) and Glu779(Asp) completely 
abolished occlusion or severely reduced the affinity 
for T1 ÷ ions. The substitution of Glu 779 for Gin 
reduced the occlusion capacity to one T1 ÷ ion per 
o~1 [31 unit with a three-fold ecrease of the apparent 
affinity for the ion (Kd(T~+)=24___8 txM). These 
effects on occlusion were closely correlated to effects 
of the mutations on K0.5(K÷ ) for K + displacement of
ATP binding. Each of the four carboxylate residues 
Glu 327, Glu 779, and Asp 8°4 or Asp 8°8 in transmem- 
brane segments 4, 5, and 6 are therefore ssential for 
high-affinity occlusion of K + in the E212K] form 
[13]. 
Na ÷ dependence of phosphorylation from ATP in 
presence of oligomycin was assayed to monitor the 
consequences of the mutations for the apparent 
affinity for Na ÷ for formation of the occluded 
ElP[3Na ] complex. Oligomycin prevents EIP-E2P 
transition and therefore allows monitoring of the 
formation of the MgE~P[3Na] complex as a dead-end 
reaction. Reduced affinities for Na + after mutation 
indicate that Glu 327, Glu  779, Asp 8°4 and Asp 8°8 also 
contribute to coordination of Na ÷ in the E1P[3Na ] 
form [17,25]. Demonstration of alternate interactions 
of Na ÷ or K ÷ with these carboxylate-containing side 
chains supports the notion of cation binding in a 
ping-pong sequence in catalytic models of Na,K- 
pumping. The data fit into a model of amphiphilic 
helices with hydrophobic residues facing outward and 
the carboxylate side chains of TM 4, 5 and 6 oriented 
towards a central cavity. This does, however, not 
explain the selectivity for Na ÷ and K +, and addition- 
al coordinating roups are required for coordination 
of Na ÷ or K + in the two alternative occluded 
conformations E 1P[3Na] or E 2 [2K]. 
5. Molecular basis for Na+/K + selectivity 
It can be expected that residues of importance for 
Na+/K + specificity are unique for the a subunit of 
Na,K-ATPase among the known sequences of cation 
pumps. The motifs around the carboxylate groups in 
TM 4 (NVPE327G) and TM 6 (ID8°4LGTDS°sMVP) 
with the positions of Pro 326 and Pro 811 are repeated in 
H,K- and Ca-ATPase. In contrast, the presence of 
two prolines in the sequence of TM 5 
(TSNIPEVV9ITP) is unique to Na,K- and H,K-ATPase 
as prolines are absent from the central portion of TM 
5 in Ca-ATPase. The position of Thr 774 and Ser 775 in 
positions -4  and -3  relative to Pro 778 is unique for 
Na,K-ATPase. Ser 775 is involved in binding of K + 
[27] and this residue is replaced by a large positively 
charged Lys 791 in the oL subunit of H,K-ATPase. This 
is consistent with an 80-fold lower intrinsic affinity 
for binding of K + in H,K-ATPase [28] than in Na,K- 
ATPase [6]. Mutagenesis analysis of oxygen-con- 
taining residues in this segment showed that elimina- 
tion of the hydroxyl group of Thr 781 had no effect on 
interactions with K + or Na +. This serves as an 
intrinsic control of the pronounced changes of muta- 
tions of the remaining residues. Relatively large 
effects of mutations on T1 + occlusion and Na ÷ 
dependence of phosphorylation show that the carbox- 
amide group of Asn 776 is important for binding of 
both K + and Na + [29]. Differential effects of the 
relevant mutations identify Thr 774 as a specific deter- 
minant of Na + binding in the EIP[3Na] form, 
whereas Ser 775 is a specific participant of high-affini- 
ty binding of the E212K] form [29]. Considering the 
position of these two residues relative to Pro 778, it is 
interesting that the substitution of Pro 778 for Ala 
caused a six-fold decrease in apparent affinity for K ÷ 
without altering Na ÷ affinity [30]. Pro 77~ cannot form 
the normal backbone hydrogen bond with the -4  
neighbor, Thr 774, and it sterically prevents hydrogen 
bond formation of its -3  neighbor, Ser 775 [31]. The 
observations are therefore consistent with in- 
volvement of both the hydroxyl group and the 
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carbonyl oxygen of Ser 775 in coordination of K ÷ 
ions. Our data therefore suggest hat the oxygen- 
carrying residues in the cytoplasmic portion of TM 5 
have some of the properties that are required for the 
function of a molecular Na,K switch. The position of 
the switch may be controlled by rotating or tilting the 
helix as part of the change in conformation of the 
subunit during catalysis. 
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